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G protein coupling±PTXBiophysical studies of ﬂuorescence anisotropy of DPH and Laurdan generalized polarization were performed
in plasma membranes (PM) isolated from control and cholesterol-depleted HEK293 cells stably expressing
pertussis toxin (PTX)-insensitive DOR-Gi1α (Cys351–Ile351) fusion protein. PM isolated from control, PTX-
untreated, cells were compared with PM isolated from PTX-treated cells. Results from both types of PM
indicated that i) hydrophobic membrane interior was made more accessible to water molecules and more
chaotically organized in cholesterol-depleted samples, ii) cholesterol depletion resulted in an overall increase
in surface area of membrane, membrane ﬂuidity, and mobility of its constituents.
Analysis of DOR-Gi1α coupling in PTX-treated and PTX-untreated cells indicated that cholesterol depletion
did not alter the agonist binding site of DOR (Bmax and Kd) but the ability of DOR agonist DADLE to activate G
proteins was markedly impaired. In PTX-untreated membranes, EC50 for DADLE-stimulated [35S]GTPγS
binding was shifted by one order of magnitude to the right: from 4.3±1.2×10−9 M to 2.2±1.3×10−8 M in
control and cholesterol-depleted membrane samples, respectively. In PTX-treated membranes, EC50 was
shifted from 4.5±1.1×10−9 M to 2.8±1.4×10−8 M.
In summary, the perturbation of optimum PM organization by cholesterol depletion deteriorates functional
coupling of DOR to covalently bound Gi1α as well as endogenously expressed PTX-sensitive G proteins of
Gi/Go family while receptor ligand binding site is unchanged. The biophysical state of hydrophobic plasma
(cell) membrane interior should be regarded as regulatory factor of DOR-signaling cascade.2-D-Leu5 enkephalin; DMEM,
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There is a growing body of evidence indicating that cholesterol-
and sphingolipid-enriched membrane domains/rafts play a substan-
tial role in trans-membrane signaling through G protein-coupled
receptors [1–10]. These membrane structures, characterized by high
content of cholesterol, saturated phospholipids, glycolipids and
sphingomyelin, have been proposed as lipid platforms capable toharbor and conﬁne a number of different signaling molecules,
including trimeric G proteins and GPCR [11]. Caveolin-containing
rafts, caveolae, represent the main cellular constituent responsible for
transport of extracellular cholesterol into the cell and intracellular
membrane trafﬁc of this lipid molecule [12–14]. Membrane domains/
rafts as well as caveolae are degraded by cholesterol depletion induced
by cyclodextrins [15,16].
We have previously reported that δ-opioid agonist DADLE exhibits
high efﬁcacy when activating DOR-Gi1α (Cys351–Ile351) fusion protein
in membrane domains/rafts when compared with the “bulk of plasma
membranes” representing the majority of PM fragments [17]. Exposure
ofHEK293cellmembrane to cholesterol-depleting agentβ-cyclodextrin
(β-CDX) was shown to attenuate the TRH-R induced signaling in intact
HEK293 cells detected as calcium response [18]. The dose–response
curves of calcium responsewere shifted by three orders ofmagnitude to
the right; similar decrease in sensitivity of agonist response was
observed in isolated membranes by high-afﬁnity [35S]GTPγS binding
assay used for determination of trimeric G protein activity. Membrane
domains were degraded when isolated as detergent-resistant, low-
density membrane fragments from cholesterol-depleted cells [19].
Therefore, in this work we wanted to compare the effect of cholesterol
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protein (PTX-insensitive) with that between DOR and endogenously
expressed G protein of Gi/Go family (PTX-sensitive).
In the ﬁrst part of our present study, the effect of cholesterol
depletion induced by increasing concentrations of β-CDX on
physico-chemical properties of isolated plasma (cell) membranes
was determined. We wanted to analyze in details the perturbation
of integrity of membrane structure caused by cholesterol depletion.
Biophysical state of the isolated PM interior was studied by steady-
state and time-resolved ﬂuorescence anisotropy of hydrophobic
membrane probe DPH. The membrane interface was analyzed by
Laurdan generalized polarization. In the second part of our work,
the effect of cholesterol depletion on the ligand binding charac-
teristics and the coupling efﬁciency of DOR to the cognate G
proteins was compared in PM isolated from PTX-untreated and
PTX-treated cells. In the third part of our work, the purity of PM
preparation was analyzed by detailed marker analysis of fractions
collected from the whole PercollR gradient. PM preparation used
for DOR analysis contained 81% of available receptor agonist
binding sites, i.e., of all receptors recovered in the gradient.
Therefore, this preparation was fully relevant for determination
of the inﬂuence of cholesterol depletion on DOR-G protein coupling
described in this work. The amount of membrane fragments of
Golgi origin was close to zero; co-localization of PM fragments with
minor portion of early endosomes reﬂected the known association
of Rab5 (used as a marker of these vesicles) with cytoplasmic face
of PM [20].2. Methods
2.1. Chemicals
Complete protease inhibitor cocktail was purchased from Roche
Diagnostic, Mannheim, Germany (cat. no. 1697498). Fluorescent
probes 1,6-diphenyl-1,3,5-hexatriene (D-202) and Laurdan (D-250)
were from Invitrogen. All other chemicals were of higher purity
available.2.2. Cell culture
HEK293 cells stably expressing DOR-Gi1α fusion protein were
cultivated in DMEM supplemented with 8% newborn calf serum and
2 mM (0.292 g/l) L-glutamine in humidiﬁed 5% CO2–95% air atmo-
sphere at 37 °C as described by [17,21]. Geneticin (800 μg/ml) was
included in the course of cell cultivation. The cells were grown to 60–
80% conﬂuency before harvesting.2.3. Treatment of HEK293 cells with pertussis toxin and β-cyclodextrin
Cells were incubated with (+PTX) or without (−PTX) pertussis
toxin (25 ng/ml) for 24 h and, subsequently, they were either treated
(+β-CDX) or untreated (−β-CDX) with 10 mM β-cyclodextrin in
serum-free DMEM for 60 min at 37 °C. Replenishment of cholesterol
was carried out by incubation of β-CDX-treated cells in serum-free
DMEM supplemented with 2.4 g/l of “water soluble cholesterol”
(Sigma, C4951) for 2 h at 37 °C. The ﬁnal concentration of cholesterol
in incubation medium was 0.25 mM. Harvesting of cells was
performed by centrifugation for 10 min at 1800 rpm. The cell
sediment was snap frozen in liquid nitrogen and stored at −80 °C
until use. Intracellular potassium (PBFI-AM, Invitrogen P-1267) and
sodium (SBFI-AM, Invitrogen S-1264) concentrations as well as
overall permeability/integrity of the cell membrane (trypan blue)
was unchanged when exposed 10 mM β-CDX for 2 h.2.4. Isolation of plasma (cell) membranes in PercollR gradient
The cell sediment was homogenized in 250 mM sucrose, 20 mM
Tris–HCl, 1 mM EDTA, pH 7.6 plus fresh 1 mM PMSF and complete
protease inhibitors cocktail (STE medium) in loosely-ﬁtting, Teﬂon-
glass homogenizer for 7 min at 1800 rpm. The cell homogenate was
centrifuged for 7 min at 3500 rpm (1000 ×g). In this way, cell debris
and nuclear fraction remaining in the sediment were separated from
post-nuclear supernatant (PNS). 3 ml of PNS was applied on top of
20 ml of 30% v/v PercollR in thick polycarbonate Beckman Ti70 tubes.
Centrifugation for 1 h at 27000 rpm (65,000 ×g) resulted in separa-
tion of the two clearly visible layers. The upper layer represented the
plasmamembrane fraction (PM); the lower layer was composed from
mitochondria and lysosomes. The upper layer was diluted 1:4 in
distilled water and centrifuged in Beckman Ti70 rotor for 2 h at
50,000 rpm (160,000 ×g). The PM sediment was removed from the
compact, gel-like sediment of PercollR, re-homogenized by hand in
small volume of 50 mM Tris–HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.4
(TME medium), snap frozen in liquid nitrogen and stored at −80 °C
until use. To verify the purity of PM preparation, fractions 1–22 (1 ml)
were collected from top to bottom of the centrifuge tube after
separation of the upper and lower bands in PercollR gradient and
frozen in liquid nitrogen. Subsequently, these fractions were sub-
jected to analysis of receptor content, its ability to activate the cognate
G proteins and distribution of plasma membrane, Golgi and
endosomal markers: Na, K-ATPase, Gβ subunit protein, caveolin-1,
β-galactosidase, trans-Golgi membrane protein (t-GMP) and Rab5
(see below for more details).
2.5. Steady-state ﬂuorescence anisotropy of DPH
PercollR-puriﬁed PM were labeled with DPH by the fast addition
(under mixing) of 1 mM DPH in freshly distilled acetone to the
membrane suspension (0.1 mg protein/ml; 1 μM ﬁnal concentration);
after 30 min at 25 °C, which were allowed to ensure the optimum
incorporation of the probe into the membrane interior [22], the
anisotropy of DPH ﬂuorescence was measured at Ex 365 nm/Em
425 nm wavelengths. Under these conditions, the ﬂuorescence
intensity of the membrane-bound DPH was≈500× higher than that
of the unbound, free probe in aqueous medium; light scattering
problems could be therefore omitted. Steady-state ﬂuorescence
anisotropy, rDPH, was calculated according to the formula: rDPH=
(Ivv− Ivh) /(Ivv+2Ivh) according to Refs. [23,24].
2.6. The time-resolved ﬂuorescence and dynamic depolarization of DPH
Fluorescence lifetime and polarization experiments were per-
formed in a time correlated single photon counting (TCSPC)
spectroﬂuorometer IBH 5000 U equipped with a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier detector as described
before [25].
The anisotropy data were analyzed according to the “wobble in
cone” model introduced by [26]. Wobbling diffusion constant Dw and
S-order parameter were calculated according to Eqs. (1) and (2).
S =
r ∞ð Þ
r 0ð Þ
 
1
=2; ð1Þ
Dw =
σs
ϕ
; ð2Þ
where r(0), and r(∞) stand for limiting and residual anisotropy, ϕ is
the rotational correlation time and σs is the relaxation time which is a
function of the S-order parameter and has been determined according
to [26,27].
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Incorporation of ﬂuorescent probe Laurdan into isolated HEK293
cell membranes was performed by addition of 0.4 mM stock solution
(in methanol) to membrane suspension followed by incubation for
30 min at 40 °C under mixing to 10 μM ﬁnal concentration of this
probe. Recording of emission and excitation spectra was carried out at
25 °C and 40 °C, respectively. The emission scans were measured with
the excitation wavelengths set to 340 nm and 410 nm, respectively;
the excitation spectra were determined at the emission wavelengths
set to 440 nm and 490 nm. The generalized polarization (GP) spectra
were determined from intensities of Laurdan ﬂuorescence according
to Refs. [25,28].
The excitation and emission GP spectrum slopes were obtained by
the linear ﬁtting of corresponding GP spectra in the 340–400 nm and
440–490 nm range as described before [25,29,30].
2.8. [3H]DADLE (DOR agonist) binding; saturation binding study
DOR (δ-opioid receptors) were characterized by saturation
binding study with agonist [3H]DADLE according to Refs. [17,21].
Membranes were incubated with increasing concentrations of this
radioligand (0.15–20 nM) in 0.1 ml of 75 mM Tris–HCl, pH 7.4,
12.5 mM MgCl2, 1 mM EDTA for 60 min at 30 °C; 10 μg of membrane
protein was added per assay. The bound and free radioactivity was
separated by ﬁltration through Whatman GF/B ﬁlters in Brandel cell
harvester. Filters were washed 3× with 3 ml of ice-cold 10× diluted
incubation buffer and placed in 4 ml of scintillation cocktail
(CytoScint, ICN). Radioactivity remaining on ﬁlters was determined
after 16 h at laboratory temperature. The non-speciﬁc binding was
deﬁned as that remaining in the presence of 10 μM non-radioactive
DADLE. Data were analyzed by GraphPadPrizm4; Kd and Bmax values
were calculated according to the method of the least-squares by
ﬁtting the data with rectangular hyperbola. Distribution of agonist
binding sites of DOR along the PercollR gradient was determined in
aliquots of fractions 1–22 (1 ml each) collected from top to bottom of
the centrifuge tube by “one-point assay” using 2.0 nM [3H]DADLE.
2.9. DADLE-stimulated, high-afﬁnity [35S]GTPγS binding
Membranes were incubated with (total binding, Bt) or without
(basal binding, Bbasal) increasing concentrations of DOR agonist
DADLE [0.1–20 nM] in ﬁnal volume of 100 μl of reaction mix
containing 20 mM HEPES, pH 7.4, 3 mM MgCl2, 100 mM NaCl, 2 μM
GDP, 0.2 mM ascorbate and [35S]GTPγS (about 100–200,000 dpm per
assay) for 30 min at 30 °C. The binding reaction was terminated by
dilution with 3 ml of ice-cold 20 mM HEPES, pH 7.4, 3 mMMgCl2 and
ﬁltration through Whatman GF/C ﬁlters on Brandel cell harvester.
Radioactivity remaining on the ﬁlters was determined by liquid
scintillation using BioScint cocktail. Non-speciﬁc binding was deter-
mined in parallel assays containing 10 μM unlabelled GTPγS. Data
were analyzed by GraphPadPrizm4 and the EC50 and Bmax values
calculated according to the method of the least-squares by ﬁtting the
data with rectangular hyperbola.
When screening the PercollR density gradient proﬁles, [35S]GTPγS
binding assay was performed in the absence (basal) or presence of
constant concentration of 10−5 MDADLE. Distribution of high-afﬁnity
[35S]GTPγS binding±DADLE was determined in aliquots of fractions
1–22 collected from top to bottom of the centrifuge tube.
2.10. Na, K-ATPase
Plasma membrane density of Na, K-ATPase (E.C. 3.6.1.3) was
determined by [3H]ouabain binding assay according to Ref. [31].
Constant volume aliquots (50 μl) of gradient fractions were incubated
with 20 nM [3H]ouabain in total volume of 0.45 ml of 5 mM NaHPO4,5 mMMgCl2, 50 mM Tris–HCl, pH 7.6 for 90 min at 30 °C. The binding
reaction was terminated by dilution with 5 ml of ice-cold buffer and
ﬁltration through Whatman GF/B ﬁlters. Filters were washed 3× with
5 ml of cold buffer, dried overnight at laboratory temperature and the
radioactivity determined by liquid scintillation. Non-speciﬁc binding
was determined in the presence of 1 μM unlabelled ouabain.
2.11. SDS-PAGE and immunoblotting
Distribution of plasma membrane, Golgi and endosomal markers
in PercollR gradient was analyzed by NuPAGE system (Invitrogen)
according to the manufacturer's protocol (http://tools.invitrogen.
com/content/sfs/manuals/nupage_tech_man.pdf) instructions. The
constant volume aliquots of gradient fractions were analyzed.
Molecular mass determinations were based on pre-stained
molecular mass markers (Sigma, SDS 7B). After SDS-PAGE, proteins
were transferred to nitrocellulose and blocked for 1 h at room
temperature in 5% (w/v) low-fat milk in TBS-Tween buffer [10 mM
Tris–HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v) Tween 20]. The primary
antibodies were added in TBS-Tween containing 1% (w/v) low-fat
milk and incubated for at least 2 h.
The following antibodies were used: sc-28800 [Na, K-ATPase, α-
subunit], sc-378 [Gβ subunit protein, T20], sc-21726 [trans-Golgi
membrane protein, t-GMP], sc-22291-R [β-1,4-Gal-T5 (C-17)], sc-598
[Rab5B, A-20], all from Santa Cruz. Caveolin-1 was identiﬁed by
C13630 from Transduction Lab. The primary antibody was then
removed and the blot washed extensively (3×10 min) in TBS-Tween.
Secondary antibodies (donkey anti-rabbit IgG conjugated with horse-
radish peroxidase) were diluted in TBS-Tween containing 1% (w/v)
low-fat milk, applied for 1 h and after three 10 min washes the blots
were developed by ECL technique using Super Signal West Dura
(Pierce) as substrate. The developed blots were scanned with an
imaging densitometer ScanJett 5370C (HP) and quantiﬁed by Aida
Image Analyzer v. 3.28 (Ray test).
3. Results
3.1. Studies of hydrophobic membrane interior by steady-state
ﬂuorescence anisotropy of DPH
Hydrophobic membrane probe 1,6-diphenyl-1,3,5-hexatriene
(DPH) was intensively studied in the past and it has been shown
that the anisotropy of its ﬂuorescence is closely related to ﬂuidity/
microviscosity of biological membranes: the increase in membrane
ﬂuidity was reﬂected in decrease of rDPH and vice versa [23,24,32–35].
In our experiments, the effect of β-CDX on rDPH was used as a measure
of the effect of cholesterol depletion on the hydrophobic plasma
membrane interior.
In the ﬁrst set of experiments, rDPH was compared in plasma
membranes (PM) isolated from control andβ-CDX-treated cellswhich
were not exposed to PTX. The values of rDPH were not signiﬁcantly
different between the two types of membranes when measured at
laboratory temperature of 20 °C (Fig. 1A; NS), however, when
measured at 40 °C, the value of DPH anisotropy in PM isolated from
β-CDX-treated cells was signiﬁcantly lower (rDPH=0.114±0.007)
than in PM isolated from control cells (rDPH=0.151±0.005). The
effect of cholesterol depletion was fully reversible as DPH anisotropy
was not different in control and cholesterol-replenished PM
(rDPH=0.156±0.005; NS). PM isolated from cholesterol-enriched
cells exhibited higher values of DPH anisotropy (rDPH=0.184±0.014)
than those prepared from control cells. Thus, rDPH reﬂected readily the
change of “membrane ﬂuidity”which was increased in PMwith lower
cholesterol level. Environmental temperature of living cells in tissue
culture medium was 37 °C. Therefore, measurement of rDPH at 40 °C
corresponded better to natural conditions of PM in intact cells than
measurement at 20 °C. Decrease of temperature of measurement from
Table 1
The effect of temperature on DPH anisotropy. PM isolated from control, PTX-untreated
cells, and PTX-treated cells were labeled with DPH and rDPH measured at increasing
temperatures. Five minutes was allowed to achieve equilibrium at higher temperature.
Numbers represent the average rDPH±SEM of 3 independent experiments. Arrhenius
plots represented the straight lines with correlation coefﬁcients r2=0.98 and 0.99,
respectively. T, absolute temperature.
t (°C) rDPH ln (rDPH) 103/T
−PTX
15 0.253±0.005 −1.373 3.470
20 0.231±0.005 −1.465 3.411
25 0.224±0.005 −1.497 3.354
30 0.202±0.005 −1.600 3.299
35 0.189±0.005 −1.669 3.245
40 0.168±0.004 −1.784 3.193
45 0.162±0.005 −1.822 3.143
+PTX
15 0.225±0.004 −1.492 3.470
20 0.221±0.004 −1.510 3.411
25 0.192±0.006 −1.649 3.354
30 0.183±0.006 −1.701 3.299
35 0.163±0.005 −1.816 3.245
40 0.151±0.004 −1.888 3.193
45 0.138±0.007 −1.981 3.143
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Fig. 1. Steady-state ﬂuorescence anisotropy of DPH in isolated plasma membranes
A: The steady-state ﬂuorescence anisotropy of DPH (rDPH) was compared in
plasma membranes isolated from control (open), cholesterol-depleted (full),
cholesterol-replenished (gray) and cholesterol-enriched (dashed) HEK293 cells
expressing DOR-Gi1α fusion protein at 20 °C and 40 °C. Data represent average of
3 experiments±S.E.M. The difference between the different types of membranes
was compared by the Students t-test; *, **, ***, represent the signiﬁcant difference,
pb0.05, pb0.01, pb0.001, respectively. NS, not signiﬁcant. B: The direct effect of
β-CDX on rDPH was measured in PM isolated from PTX-untreated (○) and PTX-
treated (•) cells which were exposed to increasing concentrations of β-CDX asdescribed in Methods. Data represent average of 3 experiments±S.E.M.
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Fig. 2. Time-resolved parameters of DPH ﬂuorescence; wobbling constant Dw and S-
order parameter The decay of anisotropy of DPH ﬂuorescence in ns range was
measured in PM isolated from PTX-untreated cells and analyzed as described in
Methods. (•), Dw, wobbling diffusion constant; (○), S-order parameter. The datashown represent the average of three experiments±S.E.M.
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evidence of phase transitions. Arrhenius plots of data collected from
both PTX-untreated and PTX-treated cells were represented by
straight lines with correlation coefﬁcients close to 1 (r2=0.98 and
0.99, respectively) and no indication of breaks between 20 and 45 °C
(Table 1).
In the second set of experiments (Fig. 1B), PM isolated from PTX-
untreated and PTX-treated cells were compared. Both types of
membranes were incubated with increasing concentrations of β-
CDX (0, 2.5, 5 and 10 mM) for 60 min at 25 °C and labeled with DPH as
described in Methods. Data shown in Fig. 1B conﬁrmed those
described in previous paragraph: rDPH was decreased from 0.214±
0.001 to 0.190±0.002 (in PTX-untreated) or from 0.184±0.002 to
0.158±0.003 in PM isolated from PTX-treated cells. Thus, the results
obtained by analysis of direct effect of β-CDX on the membraneindicated clearly that cholesterol depletion caused signiﬁcant ﬂuidi-
zation of PM. Membranes isolated from PTX-treated cells exhibited
signiﬁcantly lower values of rDPH in the whole range of β-CDX
concentrations what may be explained by toxic effect of this inhibitor
on overall cell metabolism. The total protein content present in 106
PTX-treated cells represented about 70% of that detected in control,
PTX-untreated cells.
3.2. Studies of hydrophobic plasma membrane interior by dynamic
depolarization of DPH ﬂuorescence
More detailed view of the effect of cholesterol depletion on PM
organization was obtained by determination of the lifetime values of
DPH ﬂuorescence, analysis of the time-resolved DPH anisotropy decay
and by application of the “wobble in cone”model for interpretation of
the measured data [26,36,37]. These measurements were performed
in membranes isolated from PTX-untreated cells. As shown in Fig. 2
Table 2
The inﬂuence of increasing concentrations of β-CDX on parameters of the time-resolved
DPH ﬂuorescence. Parameters of the time-resolved DPH ﬂuorescence were obtained by
ﬁtting and further analysis of the time-resolved anisotropy decays recorded for DPH
incorporated into PM treated with increasing concentrations of β-CDX. PM were
isolated from PTX-untreated cells. τ stands for the average ﬂuorescence lifetime, r0 for
the limiting anisotropy at time zero, r∞ for the residual anisotropy, ϕ for the rotational
correlation time, S for the S-order parameter and Dw represents the wobbling diffusion
constant.
0 2.5 mM 5 mM 10 mM
τ 9.61 9.37 8.99 8.41
r0 0.295 0.282 0.280 0.279
r∞ 0.121 0.105 0.096 0.095
ϕ 4.4 4.7 4.4 4.3
S 0.68 0.64 0.61 0.58
Dw 0.028 0.030 0.032 0.037
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Fig. 4. Dependence of Laurdan generalized polarization on the β-CDX concentration.
The value of excGP370 was calculated as described in Methods. The data were recorded
at 25 °C (full) and 40 °C (open symbols) and represent the average of 3 experiments±
S.E.M.
2823J. Brejchová et al. / Biochimica et Biophysica Acta 1808 (2011) 2819–2829and Table 2, the average lifetime of DPH dye was decreased as the
concentration of β-CDX was increased; rotational correlation time ϕ
was unchanged. The values of both limiting (r0) and residual (r∞)
anisotropy were signiﬁcantly decreased. The S-order parameter
decreased continuously with the increasing β-cyclodextrin concen-
tration; this decrease proceeded in parallel with the increase of
wobbling diffusion constant Dw. Thus, the lower friction in the DPH
microenvironment and higher rate of the DPH rotation was noticed.
3.3. Studies of membrane interface by Laurdan generalized polarization
The polar membrane–water interface of HEK293 cell membrane
was studied in the next part of our work by Laurdan generalized
polarization [28]. PM isolated from PTX-untreated cells were used
again to avoid the toxic effects of this inhibitor on membrane
structure. As illustrated in Fig. 3, addition of increasing concentrations
of cholesterol-depleting agent β-CDX caused the continuous decrease
of ﬂuorescence intensity at 440 nm (blue shoulder of Laurdan
emission spectrum) and increase of intensity at 490 nm (red shoulder
of Laurdan ﬂuorescence). The value of generalized polarization
excGP370 (Fig. 4) was decreased by increasing β-CDX concentration
from 0.29 to 0.09 (at 25 °C) or from 0.12 to –0.02 (at 40 °C).400 450 500 550
0.0
0.2
0.4
0.6
0.8
1.0
R
el
at
iv
e 
In
te
ns
ity
 (a
.u.
)
wavelength (nm)
Changes of Laurdan fluorescence induced by
normalized steady-state emission spectra 
increasing concentrations of -CDX; area β
Fig. 3. Changes of Laurdan ﬂuorescence induced by increasing concentrations of β-CDX;
area normalized steady-state emission spectra. Incorporation of Laurdan probe in PM
isolated from control, PTX-untreated HEK293 cells was performed as described in
Methods. Area normalized emission spectra were recorded at 25 °C. The arrows
indicate the change of Laurdan ﬂuorescence upon β-CDX addition. The data represent
the average of 3 experiments±S.E.M.Further information was obtained by calculation of the slopes of
both the GP emission (GPemS) and excitation (GPexcS) spectra [29,38],
which are depicted in Fig. 5. This type of analysis indicated that the
cholesterol depletion did not cause clearly detectable phase transi-
tions, neither there was direct evidence for coexistence of the gel and
liquid crystalline phase within the PM vesicles used in this study. The
emission GP slope was raised monotonously with the increasing β-
CDX concentration, in parallel with decrease of excitation GP slope.
This type of symmetrical, reciprocal proﬁles of GP slopes, which were
detected at both 25 °C and 40 °C indicated that β-CDX-effect on the
cell membrane proceeded as an increase in hydration and mobility of
membrane constituents in the polar head-group region.0 2 4 6 8 10
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Fig. 7. High-afﬁnity [35S]GTPγS binding. Stimulation of trimeric G proteins by DOR
agonist DADLE was measured by high-afﬁnity binding of nonhydrolysable analog of
GTP, [35S]GTPγS. (A), membranes isolated from PTX-untreated cells; (B), membranes
isolated from PTX-treated cells. The data represent the averaged dose–response curves
of 3 experiments; EC50 and Bmax values±S.E.M of were calculated by GraphPadPrizm4.
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The effect of cholesterol depletion on the ligand binding
parameters of DOR-Gi1α fusion protein was assessed by saturation
binding study with DOR agonist [3H]DADLE. Speciﬁc binding of this
radioligand was determined in membranes isolated from both PTX-
untreated±β-CDX and PTX-treated±β-CDX HEK293 cells stably
expressing this protein (compare upper and lower panel in Fig. 6).
As described in Methods, PTX-treated cells were exposed to pertussis
toxin prior to membrane isolation in the presence or absence of β-
CDX in order to prevent activation of PTX-sensitive, endogenously
expressed G proteins of Gi/Go family.
Cholesterol depletion did not change the maximum number of
binding sites (Bmax) nor the afﬁnity (Kd) of [3H]DADLE binding
reaction in membranes isolated from PTX-untreated (Fig. 6A) as well
as PTX-treated cells (Fig. 6B). The difference between β-CDX-
unexposed (○) and β-CDX-exposed (●) membrane samples isolated
from both types of cells was not signiﬁcant. Thus, depletion ofcholesterol from the HEK293 cell membrane did not interfere with
agonist binding site of DOR-Gi1α (Cys351–Ile351) fusion protein.
3.5. DOR-Gi1α coupling
Determination of intrinsic efﬁciency of DOR was performed by
analysis of high-afﬁnity [35S]GTPγS binding in membranes isolated
from both PTX-untreated and PTX-treated cells (Fig. 7). In the latter
type of membranes, the set of endogenously expressed G proteins of
Gi/Go family was blocked by incubation of intact cells with PTX. In
PTX-untreated cells (Fig. 7A), cholesterol depletion lowered the basal
level of [35S]GTPγS binding (from 0.72 to 0.48 pmol mg−1), but the
maximumDADLE-stimulated binding expressed as the net-increment
of agonist stimulation (Δ) was not signiﬁcantly different in β-CDX-
treated and untreated membrane samples.
Analysis of the dose-response curves in wide range of agonist
concentrations (2×10−9–1×10−4 M) indicated that EC50 value of
DADLE response was shifted by one order of magnitude to the right
[from 4.3±1.2×10−9 M to 2.2±1.3×10−8 M in control and
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Fig. 8. Density gradient proﬁles of plasma membrane markers; radioligand binding studies. Fractions 1–22 (1 ml each) were collected from top to bottom of the centrifuge tube and used in radioligand binding assays. (A, B) Distribution of
receptor binding sites was determined by DOR agonist [3H]DADLE. (C,D) High-afﬁnity [35S]GTPγS binding was used as an estimate of functional efﬁciency of DOR when activating G proteins. (E, F) [3H]ouabain binding was used to determine
the distribution of plasma membrane marker Na, K-ATPase. Data represent the typical gradient proﬁles.
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ed marked decrease in afﬁnity (potency) of DADLE response. This
decrease was also detected in membranes isolated from PTX-treated
cells (Fig. 7B) as EC50 value was increased by order of magnitude
[from 4.5±1.1×10−9 M to 2.8±1.4×10−8 M]. In this type of cells,
the basal level of binding was unchanged by β-CDX treatment.
Results of [35S]GTPγS binding assays thus indicated that the
afﬁnity of DADLE response was severely deteriorated in the case of
covalently bound Gi1α protein as well as endogenously expressed
G proteins of Gi/Go family. Thus, covalent attachment of Gi1α to
DOR did not protect Gi1α against membrane damage caused by
cholesterol depletion; both types of G proteins were affected in
negative way by β-CDX-induced change of PM organization.
When combined with receptor analysis, it may be concluded that
the deleterious effect of cholesterol depletion on DOR-induced
signaling cascade described in Figs. 6 and 7 was essentially “non-
speciﬁc” in the terms of classical “receptor pharmacology” based on
speciﬁc protein-protein interactions between a given type or subtype
of receptor molecule and a given type of G protein α subunits.
3.6. Quantitative recovery and veriﬁcation of purity of PM preparation
Radioligand binding studies with DOR agonist [3H]DADLE were
also used for the determination of quantitative recovery and
veriﬁcation of purity of PM preparation resolved in PercollR gradientNa,K-ATPase
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Fig. 9. Density gradient proﬁles of plasma membrane, Golgi and endosomal markers; imm
(C), β-galactosidase [β-1,4-Gal-T5 (C-17)-R] (D), trans-Golgi membrane protein, t-GM
immunoblotting with speciﬁc antibodies as described in Methods. Data represent the typi(upper layer; compare with Methods). Data shown in Fig. 8 (left
panels) indicated the maximum [3H]DADLE binding in fraction 9. PM
fractions 6–12 representing the upper layer in PercollR gradient
contained by far the highest binding level of this radioligand. The 81%
of total receptor sites recovered in the whole gradient (1–22) were
present in PM peak. Furthermore, the total number of [3H]DADLE
binding sites in PM fractions was 10× higher than in “mitochondrial”
band which was represented by fractions 15–20. DOR agonist binding
to “mitochondria” was small and represented 8% of total binding
recovered in the whole gradient. The same result was obtained by
functional analysis of receptor efﬁciency by determination of DADLE-
stimulated [35S]GTPγS binding along the density gradient (Fig. 8,
middle panels). The highest agonist-stimulated [35S]GTPγS binding
was detected in PM fractions 6–12 (maximum in 9) and the sum of
this binding was 10× higher than in “mitochondria” (frs. 15–20).
Data obtained by [3H]DADLE and [35S]GTPγS binding assays were
veriﬁed by analysis of prototypical plasma membrane marker, Na, K-
ATPase (Fig. 8, right panels). Density gradient proﬁles of binding of
selective inhibitor of Na, K-ATPase, [3H]ouabain, were identical with
those obtained by receptor binding assays. The highest binding level
of [3H]ouabain was detected again in fractions 8–9 and 80% of sites
present in the whole gradient (1–22) were recovered in PM (frs. 6–
12). Please notice the identity of receptor (80%) and Na, K-ATPase
recovery (81%). Furthermore, the total [3H]ouabain binding in PM
fractions was 8x higher than in “mitochondria” (frs. 15–20).9 10 11 12 13 14 15 16
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P (E), and early endosomal marker rab 5 (F) was determined by quantitative
cal gradient proﬁles.
2827J. Brejchová et al. / Biochimica et Biophysica Acta 1808 (2011) 2819–2829Identical distribution of Na, K-ATPase molecules along the PercollR
gradient was obtained by immunoblot analysis with antibodies
oriented against the α-subunit of this enzyme (Fig. 9A). The highest
immunoblot signal was again noticed in fractions 8 and 9. Co-
localization of Na, K-ATPase with other plasma membrane proteins
and distribution of membrane fragments of Golgi and endosomal origin
in density gradient was analyzed in the last part of our work by
immunoblotting with speciﬁc antibodies. Distribution of Gβ subunit
protein and caveolin-1 was very similar with that of Na, K-ATPase:
maximum immunoblot signals were detected in fraction 9 (Fig. 9B and
C). Contrarily, Golgi markers β-galactosidase and t-GMP were localized
in the topmost area of PercollR gradient in fractions 1–5 (Fig. 9D and E).
The overlap with PM was very small as the content of both β-1, 4-Gal-
T5 (C-17)-R and t-GMP decreased sharply towards higher densities.
The amount of β-galactosidase and t-GMP in fraction 9 was
undetectable or close to zero and no detectable signal of both Golgi
markers was present in fractions 10–16. Thus, the density gradient
distribution of Golgi membranes was completely different from that of
Na, K-ATPase, Gβ subunit and caveolin-1 which were clearly co-
localized in PM (compare Figs. 9D and E with 9A, B and C).
The upper fractions of density gradient were also enriched in
endosomal marker Rab 5 (Fig. 9F); however, when proceeding from
the top to bottom of centrifuge tube, the amount of this protein was
clearly decreased. The overlap of Rab5-containing membrane frag-
ments with PM may be interpreted as natural consequence of an
association of a portion of early/recycling endosomes with cytoplas-
mic face of plasma membrane [20,39].
4. Discussion
Cholesterol is an essential constitutive component of eucaryotic
plasma (cell) membrane and plays the crucial role in membrane
organization, dynamics and function. It was also considered as the
major building component of membrane domains/ rafts and caveolae,
a specialized PM compartments characterized by resistance to
detergent-solubilisation at 0 °C [1–10,12–15]. The lipid composition
of these structures is different from that of bulk of plasma membrane
which is composed mainly from the bilayer forming lipids phospha-
tidylcholine, phosphatidylethanolamine and phosphatidylserine. The
phospholipids are present in membrane domains as well, however,
the spectrum of domain lipids is more complex and is represented,
besides cholesterol and phospholipids, by large portion of glycolipids
and sphingolipids [1–10].
Depletion of cholesterol leads to disruption of membrane domains
[14–16], attenuation of trans-membrane signaling induced by
activated GPCR [15,18,19,40] and, as shown in measurement of
steady-state ﬂuorescence anisotropy of DPH (Fig. 1), it also results in
an increase of “overall” membrane ﬂuidity. However, the magnitude
of β-CDX-induced change of rDPH in DOR-Gi1α cells was much smaller
than that induced by low concentrations of non-ionic detergents Brij-
58 and Triton X-100 (data not shown). More detailed analysis of the
effect of cholesterol depletion on PM organization, revealed by
recording the time-resolved DPH anisotropy decays (Fig. 2 and
Table 2) indicated that rotational correlation time ϕ was unchanged
by drop of cholesterol level, however, both limiting (r0) and residual
(r∞) anisotropy were decreased. The S-order parameter characterizing
the degree of the static order in the region of aliphatic fatty acid chains
was decreased as β-CDX concentration was increased. The decrease of
static order proceeded in parallel with the increase of wobbling
diffusion constant Dw, a parameter characterizing the dynamics of
DPH motion within the membrane. Thus, cholesterol depletion was
reﬂected in lower friction in the DPH microenvironment and higher
rate of the DPH rotation (Fig. 2).
As the decay of DPH ﬂuorescence is polarity dependent [36,37], i.e.,
when increasing polarity of surrounding medium the lifetime of
membrane-boundDPHgets shorter,we could conclude that hydrophobicmembrane interior became more accessible to surrounding polar phase
(water). Moreover, as the difference in the lifetime values between β-
CDX-untreated and 10 mM β-CDX-treated membranes (τﬂ=9.6 and
8.4 ns, respectively; Table 2) was relatively small, it may be assumed that
no dramatic change of membrane structure like micelle formation or
phase transition occurred. This conclusion was supported by analysis of
temperature-dependence of rDPH indicating no breaks in Arrhenius plots
between 20 and 45 °C (Table 1).
Lipid organization in the polar head-group region of membrane
bilayer was studied by generalized polarization of Laurdan ﬂuores-
cence [25,28,38]. The solvato-chromic properties of this dye were
found to lead to red-shift of its emission spectra in hydrated liquid
crystalline phase compared to the rigid phase. The values of the
generalized polarization (GP) calculated from the ﬂuorescence
intensities at either the excitation or emission wavelengths yielded
information about the phase state of the lipid microenvironment of
this probe. In artiﬁcial membranes composed from lipids of deﬁned
composition, GP reached the value of approximately 0.6 and−0.2 in
the gel and liquid crystalline phase, respectively. In PM isolated from
DOR-Gi1α cells, the magnitude of change of Laurdan excGP370 values
induced by β-CDX [from 0.29 to 0.09 (at 25 °C) or from 0.12 to−0.02
(at 40 °C); Fig. 4] was relatively small. Furthermore, the slopes of both
GP emission (GPemS) and excitation (GP excS) spectra were altered in
parallel suggesting that the cholesterol depletion did not cause a
clearly deﬁned phase transitions nor there was evidence for
coexistence of the gel and liquid crystalline phases within the PM
vesicles used in this study.
When interpreting the data obtained by steady-state and time-
resolved DPH anisotropy (Figs. 1 and 2) and Laurdan GP (Figs. 3–5) in
PM isolated from DOR-Gi1α cells and considering changes in polarity
of membrane environment together with alternations in mobility,
lateral packing, water content (hydration) and various structural
states of membrane lipid molecules (observed in artiﬁcial membranes
of deﬁned composition) such as gel, liquid crystalline, liquid ordered
(Lo) or liquid disordered (Ld) states and phase transitions among
them, we can conclude that data presented in this work do not bring
direct evidence for phase transitions but cannot exclude their
existence in PM used in this study. The reason why not, is based on
complex chemical composition of lipid molecules and presence of
integral and peripheral proteins in natural PM. Furthermore, PM do
not represent homogeneous membrane, but are laterally organized in
different compartments denominated as membrane domains and
caveolae containing the high amount of cholesterol [2,10,41–43].
Cholesterol depletion by β-CDX degrades these structures and causes
redistribution of receptors within plasma membrane with well
documented functional consequences depending on the cell type
[44–49]. The ﬁnal outcome of the effect of cholesterol depletion (of β-
CDX treatment) is therefore difﬁcult to predict as it depends on the
cell type and represents inhibition as well as activation of GPCR-
induced signaling cascades. More speciﬁcally, cholesterol depletion by
methyl-β-CDX was reported to attenuate DOR-stimulated [35S]GTPγS
binding in neuronal cells but enhance it in non-neuronal cells [50].
Studies of DOR in parallel samples as those used in physico-
chemical analysis of PM structure and dynamics were surprisingly
clear-cut (Figs. 6 and 7). Cholesterol depletion did not exert any
detectable change of agonist binding to DOR, but coupling efﬁciency
was severely attenuated regardless whether oriented towards
covalently bound Gi1α or endogenously expressed PTX-sensitive G
proteins of Gi/Go family. This is rather surprising ﬁnding as covalent
attachment of G protein to the receptor anticipates more ﬁrm
coupling which should not be easily diminished by minor alternation
of membrane structure documented in Figs. 1–5. Thus, our data
indicate a signiﬁcant effect of “non-speciﬁc” perturbation of plasma
membrane structure (and dynamics) by cholesterol depletion on
coupling between DOR and the cognate PTX-sensitive G proteins.
Receptor ligand binding site is not affected. This ﬁnding appears to
2828 J. Brejchová et al. / Biochimica et Biophysica Acta 1808 (2011) 2819–2829correspond to/fall in line with previous literature data indicating no
speciﬁc cholesterol “recognition site” in DOR protein molecule [51].
Relevance of our PM preparation for studies of DOR function and
biophysical characterization of PM structure and dynamics was
shown by detailed marker analysis of all fractions (1–22) collected
from PercollR gradient. Quantitative radioligand binding analysis
indicated that the dominant portion of DOR and Na, K-ATPase
molecules (80%) was co-localized in fractions 6–12 (Fig. 8). Very
similar data were obtained by immunoblot analysis of distribution of
α-subunit of Na K-ATPase, Gβ subunit protein and caveolin-1 (Fig. 9A,
B and C). Therefore, these fractions contained the representative
preparation of PM. Contamination by membrane fragments of Golgi
origin was close to zero (Fig. 9D and E). It is reasonable to assume that
co-localization of small portion of early endosomal marker Rab 5 with
PM (Fig. 9F) represents vesicles associated with inner face of PM [20].5. Conclusions
Biophysical studies of puriﬁed plasma membranes isolated from
cholesterol-depleted HEK293 cells stably expressing DOR-Gi1α
(Cys351–Ile351) fusion protein indicated a signiﬁcant change of both
structural and dynamic parameters of ﬂuorescence of membrane
probes DPH and Laurdan. Results obtained may be interpreted as
evidence for the existence of two different membrane environments:
i) hydrophobic membrane interior represented by aliphatic chains of
fatty acids which was made more accessible to water molecules and
more chaotically organized (by cholesterol depletion), ii) surface area
of membrane represented by polar head-groups of lipid molecules
which was enlarged. Furthermore, cholesterol depletion was reﬂected
in an increase of overall PM ﬂuidity and increase in mobility of
hydrophobic membrane constituents.
Analysis of receptor ligand binding and coupling of DOR to G
proteins indicated that cholesterol depletion did not affect the
receptor agonist binding site but severely deteriorated the ability of
DOR to transmit the signal further down-stream, i.e., to activate the
cognate G proteins regardless whether covalently bound within
fusion protein or endogenously present in HEK293 cells.
Our data indicate a signiﬁcant effect of “non-speciﬁc” alternation
of PM organization by cholesterol depletion on functional coupling
between DOR and the cognate PTX-sensitive G proteins. Receptor
ligand binding site was not affected.Acknowledgements
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